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ABSTRACT
Shallow lakes from the Pampa plain (Argentina) are subjected to the impact of different human activities, and as a consequence,
most of them are in a turbid state. Three types of shallow lakes have been described in this region: clear-vegetated, phytoplankton-
turbid and inorganic-turbid. We analysed the periphyton and phytoplankton structure in five selected shallow lakes with contrasting
optical characteristics. In the case of periphyton, we studied the variation in depth. Pigment compositions of both algal communities
were analysed by means of high-performance liquid chromatography. Additionally, we studied the taxonomic algal composition of both
communities and the mass variables of periphyton. We observed a general decreasing pattern in the mean values of periphytic abundance
with depth, and stratification in periphyton was generally consistent with the vertical profiles of pigments. Relationships between cell
counts and pigments also suggested changes in the intracellular pigment concentration due to photoacclimation. In clear lakes, surface
periphytic communities were co-dominated by chlorophytes and diatoms. In turbid lakes the surface assemblages were mainly repre-
sented by diatoms and the relative contribution of cyanobacteria increased with depth. The interaction between light and nutrients in
different turbid scenarios may explain the patterns observed in the development of the periphytic community. We observed lower peri-
phyton accrual in lakes that presented boundary values in the restrictions of either nutrients or light availability. In phytoplankton-
turbid lakes, periphyton exhibited a considerable growth due to the rich nutrient conditions, but the community was dominated by the
heterotrophic fraction and we also found algal groups well adapted to light limitation.
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INTRODUCTION
Autotrophic organisms collect light energy from the
underwater light field by means of photosynthetic pig-
ments. The absorption of these molecules ranges between
400 and 700 nm (photosynthetically active radiation)
(PAR) and different wavelengths are used with dissimilar
efficiencies (Kirk, 1994). Photosynthesis is divided into
two sets of light reaction: photosystem I and photosystem
II. Each photosystem is constituted by a core of chloro-
phyll a (Chl a) assembly with light-absorbing molecules
that function like antennae besides Chl a: they could be
chlorophyll b (Chl b), chlorophyll c (Chl c), carotenoids
and billiproteins (Hill, 1996). These accessory pigments
extend absorption still further (Kirk, 1994). The compo-
sition of these photosystems varies amongst the different
taxonomic algal groups and Cyanobacteria. 
The phytoplankton community has different strategies
to avoid light limitation. These strategies include regulat-
ing their position in the water column (by changing their
buoyancy or flagellar motility) (Falkowski and Raven,
2007), increasing the cell-specific light-harvesting capac-
ity, and increasing the complement of accessory photo-
synthetic pigments (both process characteristic of
photoacclimation) (Falkowski and LaRoche, 1991). On
the other hand, the effect of light on freshwater attached
algae has been comparatively less studied than that on
phytoplankton (Hill, 1996). Some studies have demon-
strated that attached algae are often capable of migrating
from the surface into the bottom and vice versa within the
own matrix of the community (Falkowski and Raven,
2007). Other studies have shown adaptations or acclima-
tions to shade, possibly by means of an increase in an-
tenna pigments (Hill, 1996). 
In shallow lakes, the permanent mixing of the water
column allows phytoplankton to access to depths with bet-
ter light conditions (Reynolds, 1994), while the periphytic
community has to adapt to the light regimes both in clear
and turbid shallow lakes considering its attached habit.
Periphytic algae have competitive interactions with phy-
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toplankton when light is limiting: phytoplankton has ac-
cess to light first and thus reduces the availability of this
resource for periphyton (Hansson, 1988).
According to the model proposed by Scheffer et al.
(1993), shallow lakes present two alternative stable states:
a turbid state, with high abundances of phytoplankton and
lacking of submerged macrophytes (hereafter phytoplank-
ton-turbid lakes), and a clear state with abundant sub-
merged vegetation. Over a range of nutrient concentrations,
the shift between clear and turbid states is due to several
mechanisms, most of them centred in the interaction be-
tween submerged vegetation and phytoplankton.
In South America, the Pampa plain contains an ex-
tended wetland formed by numerous clear and turbid shal-
low lakes that fit in the model proposed by Scheffer et al.
(1993). In addition, a third type was observed in this ge-
ographic region: inorganic-turbid shallow lakes with high
turbidity due to suspended inorganic material (Quirós et
al., 2002; Allende et al., 2009). Since the underwater light
availability varies greatly amongst the different types of
shallow lakes of the Pampa region and even amongst tur-
bid lakes with different kinds of particulate matter (Pérez
et al., 2010), a great variability of optical scenarios is pres-
ent in the same area.
There are several studies about phytoplankton com-
position in relation to the optical characteristics and
physicochemical properties of the shallow lakes from the
Pampa plain (Izaguirre and Vinocur 1994a, 1994b; Al-
lende et al., 2009; Pérez et al., 2010; Izaguirre et al.,
2012). However, the information about the periphyton
community of this region is still scarce (e.g., Cano et al.,
2008; Casco et al., 2009). In a recent study, we compared
the periphyton community with phytoplankton under con-
trasting optical scenarios, and found that in a clear-vege-
tated lake the algal fraction of periphyton was dominant
(Sánchez et al., 2010). 
The aim of this work was to analyse the periphyton and
phytoplankton communities growing on the different types
of shallow lakes present in the Pampa plain. We investi-
gated the pigment composition of both communities and
the adaptation processes in lakes with contrasting light cli-
mates. Within this framework, we postulate two hypothe-
ses: i) taxonomical and pigment composition of the algal
periphyton differs amongst shallow lakes with different op-
tical scenarios; ii) the biomass and structure of the algal pe-
riphyton vary along depth in each shallow lake. 
METHODS
Study site
We selected five shallow lakes in the Pampa plain, lo-
cated in Buenos Aires province (Argentina). Except for
Kakel Huincul, the other four shallow lakes belong to the
Salado river floodplain (Fig. 1). The lakes of this region
are classified as eutrophic or hypereutrophic (Quirós et
al., 2002), and are polymictic (Allende et al., 2009). This
diversity of shallow lakes may be directly linked with the
land use, mainly with agricultural activities, which have
shown a fast growth in the region in the last decades. The
intensive use of fertilisers and pesticides has caused
degradation in the Pampean wetland, and increasing nu-
trient load input to the eutrophic shallow lakes (Quirós et
al., 2006). In areas of intense land use, most shallow lakes
have turned from clear to turbid, as pointed out by Quirós
et al. (2002, 2006).
The experiments were run in the littoral zone of the
five shallow lakes. The selection of the lakes was based
on their different optical conditions, so as to comprise the
three types of optical scenarios described in the region:
phytoplankton-turbid shallow lakes (El Burro: 35° 42´ S;
57° 55´ W; San Jorge: 35° 40´S; 57° 47´W); inorganic-
turbid shallow lake (Yalca: 35° 35´ S; 57° 55´ W); and
clear-vegetated shallow lakes (El Triunfo: 35° 51´ S; 57°
52´ W; Kakel Huincul: 36° 48´S; 57° 47´W). Tab. 1 shows
the main morphometric features of the shallow lakes
under study.
Experimental design
On the basis of the characteristics of the shallow lakes
of the region (Allende et al., 2009), we selected represen-
tative sites of the littoral zone of each shallow lake to in-
stall the artificial substrata and to take the different
samples. For periphyton analysis, we used artificial sub-
strata (at least six polycarbonate strips of 3¥70 cm),
placed vertically in triplicate in the littoral zone of each
lake for one month (from 5-6 November to 5-6 December
2007) (depending on the location of each lake), for the
colonisation of the community. Although the use of arti-
ficial substrata implies lost of certain degree of realism,
there is abundant literature applying this methodology
since it allows a better quantification of its components
(Meier et al., 1983; Hansson, 1988; Kalff, 2003; Ro-
dríguez et al., 2012).
Once colonised, the substrata were removed from the
lakes, cut and divided into sections of 10 cm. The upper
10 cm and the deeper 10 cm of each polycarbonate strip
were discarded to study only the portions that were always
in contact with the water column and were not influenced
by the bottom sediments. We obtained a profile of 50 cm
depth in all lakes except for Kakel Huincul, where the hy-
drometric level allowed only a profile of 40 cm. Addition-
ally, on December 5-6, we sampled the phytoplankton
integrated in the water column, using an ad hoc sampling
bottle in each lake. 
Physical and chemical data
The following physical and chemical variables were
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Fig. 1. Map of the area where the shallow lakes under study are located. Clear-vegetated lakes: Kakel Huincul (1), El Triunfo (2);
inorganic-turbid lake: Yalca (3); phytoplankton-turbid lakes: San Jorge (4), El Burro (5).
Tab. 1. Phytoplankton Chl a, physical, chemical and morphometric variables characterising the trophic and optical state of the five shallow
lakes studied. Values in brackets correspond to November and December 2007, while unique values correspond to December 2007 only. 
Clear-vegetated Turbid
Phytoplankton Inorganic
Kakel Huincul El Triunfo El Burro San Jorge Yalca
Area (km2) 29.5 1.5 10.2 3.0 10.6
Maximum depth (m) 4 n.a. n.a. n.a. 1.4
Mean depth (m) 1.8 n.a. 1.8 n.a. 0.5
Shore line (km) 32.2 5.1 n.a. 7.4 16.2
Sampling depth (m) 1.20 1.25 0.63 0.72 0.70
pH (7.9-7.4) (9.4-9.1) (8.6-8.9) (8.9-8.7) (8.1-8.4)
Conductivity (mS cm–1) (1.15-1.30) (1.86-1.54) (1.35-1.46) (1.54-1.59) (0.69-0.77)
DO (mg L–1) (6.2-6.2) (18.1-11.6) (10.4-10.1) (9.2-7.2) (8.3-7.2)
Temperature (°C) (15.9-22.7) (21.0-25.4) (18.8-24.8) (17.8-21.0) (17.3-22.0)
Phyto Chl a (µg L–1) (3.27-1.93) (65.32-21.07) (188.04-93.06) (238.05-207.64) (11.14-16.33)
DIN (µg-N L–1) 18.6 13.79 30 24 53
SRP (µg L–1) 6.2 63 40 17.8 336
TP (µg L–1) 20 168 - 198 570
TSS (mg L–1) (4.05-2.4) (27.5-10.8) (157-93) (60.5-61.5) (533-299)
OSS (mg L–1) (5.74-2.4) (23.5-10.8) (76-51) (49-43) (86-49)
Turbidity (NTU) 1.45 9.48 66.9 74.9 316
KdPAR (m–1) 3.3 6.1 9.6 9.4 45.1
Euphotic depth (cm) 139.5 75.5 48.0 49.0 10.2
ad(PAR) (m–1) 0.18 0.62 1.44 1.16 10.11
aph (PAR) (m–1) 0.09 0.42 1.35 2.78 1.05
ag (PAR) (m–1) 2.55 3.94 1.21 1.31 21.9
DO, dissolved oxygen; Phyto Chl a, phytoplankton Chlorophyll a; DIN, dissolved inorganic nitrogen; SRP, soluble reactive phosphorus; TP, total phosphorus;
TSS, total suspended solids; OSS, organic suspended solids; KdPAR, vertical diffuse attenuation coefficients for PAR; PAR, photosynthetically active radiation;
Euphotic depth, 4.6/KdPAR; ad (PAR), absorption coefficients of other algal cell components, heterotrophic organisms, detritus, and inorganic particles; aph (PAR),
absorption coefficients of within-cell chlorophyll and accessory pigments; ag (PAR), absorption coefficients of chromophoric dissolved organic matter.
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measured in each lake: pH, conductivity, dissolved oxy-
gen and temperature. These variables were measured by
portable electronic metres Hanna HI9143 and HI991301
(Hanna Instruments, Smithfield, RI, USA).
Vertical profiles of downward irradiance (spectrum
380-750 nm) were obtained around noon using a spectro-
radiometre USB2000 (Ocean Optics®, Dunedin, FL) at-
tached to an optical fibre and a teflon diffuser. To
minimise the interference due to wave action and the
macrophyte cover producing shade, the measurements
were performed inside a black plastic container
(50¥50¥40 cm). The magnitudes of wave induced errors
in irradiance measurements are substantial in highly tur-
bid lakes, where light is attenuated to less than 1% of in-
cident irradiance within 50 cm. The device was filled with
freshly collected lake water samples, which were gently
shaken before measurements. Comparable methodologies
have been applied to solve similar problems in the direct
measurement of light attenuation coefficients in water
bodies (Belmont et al., 2007; V-Balogh et al., 2009). The
utility of black container was verified by comparing meas-
urements made in situ (under suitable conditions) with
those performed in the device. Light attenuation measure-
ments carried out in situ and with the device yielded
highly comparable results, within 1-10% deviation. 
Vertical diffuse attenuation coefficients for PAR
(KdPAR) were determined from the slope of the linear re-
gression of the natural logarithm of downward irradiance
profiles vs depth. Obtained KdPAR values were used to es-
timate the percentage of incident PAR irradiance at dif-
ferent layers throughout a 1.4 m water column depth. The
thickness of the euphotic depth (Zeu) was calculated as
4.6/KdPAR (Kirk, 1994).
Nephelometric turbidity (as a proxy for scattering)
was measured using a bench-top 2100P (HACH Com-
pany, Loveland, CO) turbidimetre calibrated against for-
mazin liquid standards (HACH Company).
Absorption coefficients of chromophoric dissolved or-
ganic matter (CDOM) [ag (λ)] were assessed by measur-
ing the absorbance of filtered (0.22 μm) water samples
from 380 to 750 nm, at 1 nm intervals. CDOM absorbance
(Afiltrate) was measured in 0.01 m quartz cuvettes against
an ultrapure water blank, using a Hitachi U-2000 spec-
trophotometre. (Hitachi Ltd., Tokyo, Japan) The CDOM
absorbance at 750 nm is assumed to be zero. Therefore,
in order to minimise potential errors and differences be-
tween sample and reference filter (Shooter et al., 1998),
Afiltrate (750 nm) was subtracted to the entire spectra (i.e.
all spectra were set to 0 at 750 nm).
The CDOM absorption coefficients [ag (λ)] were cal-
culated as: 
(eq. 1)
where the Afiltrate (λ) is the absorbance at wavelength λ and
r is the cuvette path length in metres (Kirk, 1994).
In addition, absorption spectra by particles [ap (λ)]
were determined using the filter-pad technique (Trüper
and Yentsch, 1967) on the material collected onto GF/F
filters. In order to minimise light scattering, the wet filters
were placed on the sensor end of the Hitachi U-2000 spec-
trophotometre (Hitachi), and measured against a blank
clean filter, wetted with ultrapure water. 
For particulate absorption coefficients, null point cor-
rection was also applied. The common assumption is that
particulate absorbance in the near-infrared is negligible.
Thus, any detectable signal (apparent absorbance) is re-
lated to residual scattering and differences between sam-
ple and reference filters. Therefore, when calculating
particulate absorption, Afilter is commonly corrected by
subtracting Afilter (750) to the whole spectrum (Cleveland
and Weidemann, 1993; Shooter et al., 1998). 
The absorption coefficients were estimated according
to Mitchell and Kiefer (1984). 
(eq. 2)
where s is the clearance area of the filter, Vfilt is the volume
of filtered water, and b (λ) is the amplification factor vec-
tor calculated according to Bricaud and Stramski (1990).
In turn, b (λ) is calculated as follows:
(eq. 3)
Within the particulate fraction, we further distin-
guished between: i) the absorption due to within-cell
chlorophyll and accessory pigments [hereafter, phyto-
plankton absorption, aph (λ)]; and ii) the absorption due to
other algal cell components, heterotrophic organisms, de-
tritus, and inorganic particles [hereafter, non-algal absorp-
tion, ad (λ)]. We used Kishino´s method (Kishino et al.,
1985) to estimate ad, while phytoplankton absorption was
solved as the difference between ap and ad. 
A water sample was collected from each lake to de-
termine the main nutrient concentrations. Total phospho-
rus (TP, from unﬁltered water samples) was converted to
soluble reactive phosphorus (SRP) using an acid digestion
with potassium persulfate. In turn, SRP was determined
as molybdate reactive P according to standard analytical
procedures (APHA, 2005). Nitrate+nitrite (cadmium re-
duction method) and ammonia (salicylate method) were
analysed with a HACH® DR/2010 spectrophotometre
using the corresponding kits of HACH® reagents. Dis-
solved inorganic nitrogen (DIN) was calculated as nitrate
+nitrite+ammonia. 
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Additionally, total suspended solids (TSS) were de-
termined by filtering 100 to 250 mL of water according
to the type of lake, through pre-burned Whatman® GF/F
filters (Whatman International Ltd., Maidstone, UK),
and weighing the dry residue result. The content of or-
ganic matter was estimated as the difference between
this dry residue and ash after 2 h at 550°C (APHA,
2005).
Sampling and laboratory procedures 
Periphyton 
Periphyton was sampled at different depths of each
substratum. Substrata sections of 10 cm in length were
transported in cold and dark conditions to the laboratory
where the material was carefully scrapped and divided
in three aliquots to analyse the different fractions of the
community. An aliquot was fixed with acidified lugol
(1% final concentration) for the quantitative analysis of
the principal algal taxonomic groups. To do it, an in-
verted microscope was used according to Utermöhl
(1958). The counting error, instead, was estimated ac-
cording to Venrick (1978). To express abundances, we
considered cells, filaments or colony as individuals, tak-
ing into account the average number of cells per filament
and the mean colony size in the samples. A second
aliquot was used to determine the pigments present. This
aliquot was first filtered through Whatman® GF/F, im-
mediately wrapped in aluminum foil, and stored at -80°C
until processing (cf. below in the section High perform-
ance liquid chromatography pigment determination). A
third aliquot was filtered through Whatman® GF/C to de-
termine dry weight (DW) and ash-free dry weight
(AFDW). Whatman® GF/C filters were previously pre-
combusted at 440°C for 3 h and weighed prior to use,
and DW was estimated by weighing the filtered material
once dried at 60°C on stove. AFDW was determined as
the mass difference after 3 h calcination (440°C) of dry
samples (APHA, 2005). All variables were related to
areal base. In addition, the autotrophic index (AI) was
estimated as the ratio AFDW/Chl a. An AI value higher
than 200 indicates a high proportion of heterotrophic,
non-chlorophyllous organisms or organic detritus
(APHA, 2005). 
Phytoplankton 
A subsurface water sample of phytoplankton was
transported in cold and dark conditions to the laboratory
where it was filtered through Whatman® GF/F in the same
way as for periphyton for pigment determination. Quan-
titative nano- and micro-phytoplankton samples were
fixed with acidified lugol (1% final concentration). For
phytoplankton counts, we followed the same procedures
described for periphyton. 
High performance liquid chromatography pigment
determination
Periphyton and phytoplankton pigments were estimated
from triplicate samples from the material previously filtered
through Whatman® GF/F. Pigments were extracted using
90% aqueous acetone and the extracts were cleared by cen-
trifugation at 3000 rpm for 10 min. Pigment extracts were
measured by ion pairing reverse-phase high performance
liquid chromatography (HPLC) (Hurley, 1988) using an
Äkta basic chromatograph (GE Healthcare Ltd., Amer-
sham, UK) controlled by the program Unicorn (GE Health-
care Ltd.). The method used was described in Laurion et
al. (2002) and modified from Mantoura and Llewellyn
(1983). Standards for the identification and quantification
of pigments were obtained from Fluka production GmbH
(Buchs, Switzerland) and from the International Agency for
14C Determination (Hørsholm, Denmark). A few
carotenoids for which no standards were available were
identified on the basis of published retention times. In the
absence of the corresponding standard, these carotenoids
were quantified against fucoxanthin (fucox), or in the case
of a myxoxanthophyll-like carotenoid, against myxoxan-
thophyll (myxo) standards. The procedure did not allow the
individualisation of zeaxanthin (zeax) and lutein (lut),
which are referred to as zeax+lut.
In order to study periphytic zonation with depth, we
selected a group of pigments, both photosynthetic and
photoprotected, as taxonomic markers. Amongst chloro-
phylls, xanthophylls and carotenes, Chl a and β-carotene
(β-carot) are characteristic of all algae (Van Den Hoek et
al., 1998). Chlorophyll b is characteristic of Chlorophyta
and Euglenophyta, whereas lut occurs only in Chloro-
phyta. Myxoxanthophyll is characteristic of Cyanobacte-
ria, and zeax is an important pigment of this division (Van
Den Hoek et al., 1998). We could not identify different
classes of Chromophyta. However, fucox is an important
pigment of both Chrysophyceae and Bacillariophyceae,
whereas diadinoxanthin (diad) is an important pigment of
Xanthophyceae, Bacillariophyceae, and Chrysophyceae
(Van Den Hoek et al., 1998). Alloxanthin is characteristic
of Cryptophyta, but it was not identified in our samples. 
In order to quantitatively compare phytoplankton and
periphyton communities we used the criteria proposed by
Goldsborough and Robinson (1996). We calculated the
areal phytoplanktonic Chl a concentration considering a
water column of 10 m¥10 m¥sampling point depth. To
obtain a unique value for periphyton community, we cal-
culated the mean value of the periphyton Chl a concen-
tration for all depths. 
Statistical analysis
We analysed the statistical differences in the peri-
phytic variables (Chl a, total accessory pigments, DW,
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AFDW, ash, AI, total densities) with one- and two-way
ANOVA, with lakes and depth as main factors (Under-
wood, 1997) using STATISTICA 7® (StatSoft Inc., Tulsa,
OK, USA).
RESULTS
Physical and chemical data
The morphometric and environmental variables as well
as the optical characteristics of the shallow lakes are shown
in Tab. 1. The five shallow lakes are eutrophic as to their
nutrient concentrations. Nevertheless, most of them exhib-
ited low DIN concentrations (18.6-53 µg-N L–1). Kakel
Huincul showed the lowest TP concentration (20 µg L–1),
whereas the other clear-vegetated lake, El Triunfo, pre-
sented higher values (TP=168 µg L–1). The phytoplankton-
turbid lakes showed high values of both TP and DIN,
whereas the inorganic-turbid lake Yalca presented the
highest values of nutrient concentrations (TP, DIN and
SRP). Values of pH ranged from 7.4 to 9.4, with the lowest
value recorded in Kakel Huincul. Conductivity was high
(0.69-1.86 mS cm–1), which is typical of the shallow lakes
of this region. 
As far as the optical characteristics are concerned, a
gradient of turbidity was found in the lakes studied. Dif-
ferences were found in the clarity of the shallow lakes
classified as clear: Kakel Huincul was clearer, (KdPAR 3.3
m–1; turbidity 1.45 NTU), whereas El Triunfo was consid-
erably more turbid (KdPAR 6.1 m–1; turbidity 9.48 NTU)
(Tab. 1). The phytoplankton-turbid shallow lakes San
Jorge and El Burro were similar in their optical features,
both showing intermediate turbidity. The most turbid shal-
low lake was Yalca, with extremely high values of KdPAR
and turbidity. This lake presented the highest value of sus-
pended material, mainly inorganic, as it is common for in-
organic-turbid shallow lakes. Fig. 2a shows the
percentage of incident irradiance at different layers
throughout the water columns for the lakes under study.
Spectral light attenuation [Kd (λ)] values are shown in
Fig. 2b. All the lakes exhibited higher values of spectral
Kd near the blue region of the spectrum. Both San Jorge
and El Burro lakes also showed an increase in the attenu-
ation of red light, corresponding to the second absorption
peak of Chl a (Fig. 2a).
The clear-vegetated lakes showed high values of
CDOM absorption coefficients (ag), as the absorption by
particulate matter, i.e. detritus (ad), is also important in El
Triunfo. The phytoplankton-turbid lakes presented higher
values of phytoplankton absorption (aph) and low values
of CDOM. In contrast, Yalca showed high absorption co-
efficients of both detritus and CDOM (Tab. 1). 
Periphyton and phytoplankton 
Clear lakes
Despite being characterised as clear shallow lakes, both
Kakel Huincul and El Triunfo differed in their patterns of
periphyton pigment concentration (Figs. 3a,b and 4a,b) as
well as in the abundance of the principal algal groups
(Figs. 5a,b) and the other mass variables (Figs. 6a,b). 
Kakel Huincul did not present significant differences
in periphytic Chl a concentration for different depths, vary-
ing scarcely between 0.3 and 0.45 µg cm–2 (Fig. 3a). On
average, accessory pigments were dominated by Chl b, fol-
lowed by fucox and zeax+lut. Total accessory pigments
did not vary significantly in depth, following the same pat-
tern as Chl a. However, although not significant, Chl b and
fucox varied with depth. An increasing trend of fucox con-
centration and the relative contribution of fucox/Chl a with
depth was observed. An opposite pattern was found for Chl
b and the Chl b/Chl a ratio (Fig. 4a). Total densities of the
main periphyton taxonomic groups were statistically dif-
Fig. 2. a) Percentage of incident irradiance at different layers
throughout the water columns of the lakes. Irradiance of San
Jorge and El Burro are overlapped. b) Spectral light attenuation
[Kd (λ)].
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Fig. 3. Periphytic Chl a depth distribution in the shallow lakes (*P<0.05): a) Kakel Huincul; b) El Triunfo; c) San Jorge; d) El Burro;
e) Yalca. Bars represent ±SD.
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Fig. 4. Chl a relative contribution of the accessory
pigments selected (left panels). Mean values of the
periphytic accessory pigments selected (as taxo-
nomic markers) throughout depth (right panels).
The shallow lakes are presented as follows: a)
Kakel Huincul; b) El Triunfo; c) San Jorge; d) El
Burro; e) Yalca. Note the differences between the
scales of the X-axes.
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ferent in depth (P=0.01), decreasing after 30 cm with val-
ues ranging between 3.02 104 ind cm–2 in the first 10 cm
and 1.05 104 ind cm–2 in depth. Chlorophyta was the main
algal group in the upper samples, while at greater depths
diatoms were dominant and an increasing importance of
Chrysophyceae was also observed (Fig. 5a). No significant
differences were detected for DW and AFDW throughout
the water column studied. Ash-free dry weight ranged be-
tween 13.8 and 142.5 µg cm–2, whereas DW between 95.9
µg cm–2 and 151.8 µg cm–2. However, AI presented a peak
at intermediate depth (Fig. 6a). Phytoplankton (>2 µm)
was represented mainly by diatoms, followed by unicellu-
lar Chlorophyta. Total phytoplankton density was 263 ind
mL–1 (Tab. 2), the lowest value recorded in these shallow
lakes. Phytoplankton Chl a concentration ranged between
3.27 and 1.93 µg L–1 (Tab. 1) and the principal accessory
pigments were mostly represented by Chl b, zeax+lut, neo-
xanthin (neox), fucox, and diad (Tab. 2).
On the other hand, El Triunfo presented significant
differences in periphytic Chl a along the water column,
with values decreasing from 0.6 to 0.06 µg cm–2
(P=0.001) (Fig. 3b). Total accessory pigments also de-
creased significantly with depth (P=0.001), and on aver-
age were dominated by Chl b and fucox, followed by
zeax+lut and diad (Fig. 4b). Different trends in pig-
ments/Chl a ratios were observed. Ratios of Chl b/Chl a
and zeax+lut/Chl a showed a decreasing pattern with
depth, while an opposite trend was observed for those of
fucox/Chl a and diad/Chl a (Fig. 4b). Total periphyton
algal densities ranged from 1.85 105 ind cm–2 in the first
10 cm to 3.48 103 ind cm–2 in the last 50 cm. The upper
20 cm were dominated by diatoms, followed by Chloro-
phyta and Cyanobacteria. On the contrary, at greater
depths all taxonomic groups decreased (P=0.002), though
the community was still dominated by diatoms (Fig. 5b).
Dry weight and AFDW decreased at 40 cm (P=0.02 and
P=0.017, respectively). Ash-free dry weight maximum
value was 212.1 µg cm–2 in the first 10 cm and its mini-
mum value was 65.1 µg cm–2 at 50 cm. Dry weight ranged
between 53.8 µg cm–2 and 254.3 µg cm–2. Autotrophic
index did not vary with depth (Fig. 6b). In this lake, phy-
toplankton density (1.18 104 ind mL–1) was markedly higher
than in the other clear shallow lake (Kakel Huincul), with
a co-dominance of Cyanobacteria and Chlorophyta, fol-
lowed by diatoms (Tab. 2). Phytoplanktonic Chl a was
21.07 µg L–1 (Tab. 1) and accessory pigments were repre-
sented by Chl b, followed by zeax+lut, fucox and myxo-
like carotenoid (Tab. 2). 
Phytoplankton-turbid lakes
San Jorge and El Burro exhibited similar patterns of the
periphyton variables along the vertical profile. Periphytic
Chl a in San Jorge significantly decreased (P=0.003) with
depth, with values ranging from 1.8 µg cm–2 at 10 cm to
0.2 µg cm–2 at 50 cm (Fig. 3c). In accordance with Chl a,
total selected accessory pigments also decreased with
depth (P=0.009). On average, fucox was the principal ac-
cessory pigment, followed by the fucox isomer, diad and
Chl b (Fig. 4c). Accessory pigments/Chl a ratios mostly
showed a decreasing pattern with increasing depth, while
zeax+lut/Chl a and β-carot/Chl a depicted an opposite
trend. Total periphyton densities decreased below 20 cm
(P=0.002). In surface waters, diatoms were dominant,
whereas at deeper samples the community shifted to be
dominated by Cyanobacteria (Fig. 5c), especially by those
with the filamentous habit. Dry weight and AFDW did not
vary with depth: DW ranged between 2196.8 µg cm–2 and
3918.4 µg cm–2, while AFDW between 812.9 µg cm–2 and
1121.5 µg cm–2. Autotrophic index increased (P=0.003)
with depth, contributing to an increase in the heterotrophic
characteristics of this community (Fig. 6c). 
In the San Jorge phytoplankton community, the total algal
density was around 2.15 105 ind mL–1, with dominance of fil-
amentous Cyanobacteria (98%) (almost exclusively Plank-
tothrix aghardii and Raphidiopsis mediterranea) (Tab. 2).
Phytoplanktonic Chl a was the highest planktonic Chl a
(207.64 µg L–1) recorded amongst these lakes (Tab. 1). A non-
identified carotenoid (carot 16.54) dominated the accessory
pigments, followed by β-carot, zeax+lut and myxo (Tab. 2). 
As for periphytic Chl a in El Burro, values ranged be-
tween 1.4 and 0.6 µg cm–2. They significantly increased be-
tween 10 and 30 cm (P=0.02) and decreased from 30 to 50
cm (P=0.003) (Fig. 3d). The accessory pigments generally
showed the same general pattern as Chl a (Fig. 4d). On av-
erage, accessory pigments were dominated by fucox, fol-
lowed by Chl b, diad and zeax+lut. Accessory pigments/Chl
a ratios, in general, slightly varied with depth, though
fucox/Chl a showed a maximum value at 30 cm (Fig. 4d).
Periphytic total densities decreased with depth (P=0.0003),
ranging from 1.95 105 to 2.97 104 ind cm–2. Along the pro-
file, diatoms were dominant, followed by Chlorophyta and
Cyanobacteria (Fig. 5d). Ash-free dry weight did not vary
with depth (463.1 µg cm–2 on average), while DW and ash
increased (P=0.01 and P=0.0008, respectively). Dry weight
values increased from 380.9 µg cm–2 to 1235.7 µg cm–2. Au-
totrophic index too showed a tendency to increase, still this
was not statistically significant (Fig. 6d). In El Burro phy-
toplankton was dominated by Chlorophyta – represented by
desmids –, unicellular Chlorophyta, and some species of
Scenedesmus, followed in smaller proportion by diatoms
and Cyanobacteria (Tab. 2). Total density was almost 5.6
104 ind mL–1 (Tab. 2) with a Chl a concentration of 93.06
µg L–1 (Tab. 1). The principal accessory pigments were rep-
resented by zeax+lut, followed by myxo and Chl b (Tab. 2). 
Inorganic-turbid lake
In Yalca, periphytic Chl a markedly decreased in one
order of magnitude from 0.9 µg cm–2 in the first 10 cm to
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Fig. 5. Density (left panels) and relative
contribution (right panels) of the principal
taxonomic groups in periphyton commu-
nity in the five shallow lakes studied. The
shallow lakes are presented as follows: a)
Kakel Huincul; b) El Triunfo; c) San
Jorge; d) El Burro; e) Yalca. Note the dif-
ferences between the scales of the X-axes
in density graphs. Bars represent ±SD.
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0.02 µg cm–2 at 20 cm (P=0.00059). Afterwards, it con-
tinued to show low values (Fig. 3e). The accessory pig-
ments showed the same trend as Chl a, and on average
were principally composed of fucox, followed by diad and
Chl b. (Fig. 4e). With depth, the relative concentration of
accessory pigments was almost similar to that of Chl a,
while fucox/Chl a increased from 20 to 50 cm and
zeax+lut/Chl a from 10 to 40 cm. Total periphyton algal
density sharply decreased below the first 10 cm from 8.91
104 ind cm–2 to 3.20 103 ind cm–2 (P=0.00004). Diatoms
dominated the first 10 cm, while the relative contribution
of Cyanobacteria increased onward (Fig. 5e). Ash-free dry
weight significantly diminished (P=0.0006) from 131.3
µg cm–2 at 10 cm to 71.1 µg cm–2 at 20 cm, whereas DW
values ranged from 418.2 µg cm–2 in the upper samples to
47.5 µg cm–2 in depth. Autotrophic index increased with
depth (P=0.03), thus showing a tendency towards the het-
erotrophic community (Fig. 6e). Phytoplankton total den-
sity in Yalca was 110 ind mL–1 and was dominated by
diatoms, followed by Chlorophyta (Tab. 2). Phytoplank-
tonic Chl a was 11.14 µg L–1 (Tab. 1) and the principal
accessory pigments were mostly represented by zeax+lut,
followed by Chl b and fucox (Tab. 2).
The comparison of the concentrations of Chl a and the
total accessory pigments of both microalgal communities
is illustrated in Fig. 7. Phytoplankton had a higher pig-
ment concentration in the phytoplankton-turbid lake San
Jorge, whereas periphyton showed higher concentrations
in the clear lake Kakel Huincul. The shallow lakes El
Burro and Yalca exhibited higher pigment concentrations
of phytoplankton than of periphyton, though the differ-
ences were smaller than for the other lakes (Fig. 7).
DISCUSSION
Our results showed that the differences in optical fea-
tures and nutrient concentration across the shallow lakes
were reflected in the algal and pigment composition of
their periphyton and phytoplankton. Precisely, periphyton
showed different degrees of development according to the
combination of nutrients and light that occur in the three
lake categories described in this region (Quirós et al.,
2002; Allende et al., 2009). This finding supports our first
hypothesis. Moreover, the periphyton structure changed
along the water column according to different light pene-
trations, both in quantity and spectral composition. This
finding supports our second hypothesis.
Although different factors (e.g., grazing) may influ-
ence the composition and biomass of the autotrophic mi-
crobial communities, previous studies on the shallow
lakes of this region showed that light and nutrients are the
key factors (Torremorell et al., 2007; Allende et al., 2009;
Llames et al., 2009; Pérez et al., 2010). Importantly, even
though our study was conducted during a particular sea-
son (late spring), in these shallow lakes the underwater Ta
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Fig. 6. Ash-free dry weight (AFDW), dry weight (DW) and autotrophic index (AI) in the shallow lakes studied (*P<0.05): a) Kakel
Huincul; b) El Triunfo; c) San Jorge; d) El Burro; e) Yalca. Bars represent ±SD.
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light and nutrient conditions remain rather constant over
the year, as reported in previous studies (Allende et al.,
2009; Pérez et al., 2010; Silvoso et al., 2011; Izaguirre et
al., 2012).
Regardless of the nutrient concentration of each lake,
we observed a general decreasing pattern in the mean val-
ues of periphytic density with depth, following a reduction
of light availability along the water column. In addition, we
found a depth stratification in the attached algal assem-
blages, which was generally consistent with the vertical
profiles of the accessory pigments analysed. In clear lakes,
near-surface periphytic communities were co-dominated
by chlorophytes and diatoms in terms of density. At deeper
samples, diatoms were dominant. This outcome may be ex-
plained by the fact that diatoms better adapt to growth
under low light intensities than Chlorophyta (Hill 1996;
Huisman et al., 1999). In particular, in Kakel Huincul, the
decrease in diatom abundance with depth was not followed
by a decrease in fucox concentration, which could indicate
a photoacclimation of deep diatom assemblages. Changes
in light-harvesting pigment concentrations due to photoac-
climation processes have been previously observed in ben-
thic diatoms (Laviale et al., 2009).
In turbid lakes (phytoplankton- and inorganic-), the
surface assemblages of periphyton were mainly domi-
nated by diatoms. In San Jorge (phytoplankton-turbid) and
Yalca (inorganic-turbid), the relative contribution of
Cyanobacteria increased with depth, becoming dominant
in San Jorge. This vertical distribution is not the common
pattern observed since diatoms usually dominate deep
strata and Cyanobacteria abound in surface zones (Hawes
and Smith, 1994; Rouf et al., 2010). However, Cyanobac-
teria have been cited as a group well adapted to low light
and environmental conditions characteristic of turbid eu-
trophic waters (Tilzer, 1987; Scheffer et al., 1997).
Cyanobacteria can effectively harvest orange-red light be-
cause of their unique pigment – phycocyanin – which has
maximum absorbance at around 630 nm (Stomp et al.,
2004). Therefore, the chromatic adaptation of Cyanobac-
teria could yield a competitive advantage in turbid water
columns with a rapid decrease in blue light and higher
availability of orange-red light, a spectral composition re-
trieved in Yalca. In addition, the increasing trend in depth
of fucox/Chl a rate indicates an increase of fucox intra-
cellular concentration due to an acclimation of diatoms to
decreasing light intensity. 
On the other hand, the dominance of Cyanobacteria in
deeper periphytic samples of San Jorge would be attribut-
able to the contribution of phytoplanktonic Cyanobacteria
in the periphytic matrix. As a matter of fact, filamentous
Cyanobacteria almost exclusively composed the phyto-
plankton community. The incorporation of some planktonic
organisms in the periphyton is common in mixed shallow
lakes (Brown and Austin 1973; Sánchez et al., 2010) and
frequently observed in deep periphytic assemblages
(Stevenson and Stoermer, 1981). It is important to point out
that, despite sharing some species, both communities are
still distinguishable in these water bodies. The criterion for
the discrimination between strictly periphytic and phyto-
planktonic taxa was based on the presence of fixation struc-
tures in the first ones, and on the description of the common
habitats for each species according to the literature
(Komárek and Fott, 1983; Krammer and Lange-Bertalot,
1986, 1988, 1991a, 1991b; Vinocur et al., 1994; Komárek
and Anagnostidis, 1999, 2005). 
We observed lower periphyton accrual (as Chl a and
algal density) in Kakel Huincul and Yalca – shallow lakes
presenting boundary values in the restrictions of either nu-
trients or light. In the clearer lake Kakel Huincul, light pen-
etrates more deeply, being mainly absorbed by CDOM.
Fig. 7. Chl a concentrations in periphyton and phytoplankton in
the five shallow lakes studied. Concentrations in both commu-
nities are expressed as mg cm–2 (above), and as percentage
(below) and are referred to the area.
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Therefore, light availability does not seem to be a limiting
factor for the development of microalgae (both phytoplank-
ton and periphyton). This fact is reflected in similar peri-
phyton abundances and pigment concentrations along the
depth profile. Besides, we observed a prevalence of the au-
totrophic fraction in periphyton composition (lower values
of AI). Instead, in this lake, the resource limiting algal de-
velopment seems to be nutrient availability (in particular
nitrogen). In this scenario, periphyton and phytoplankton
may compete strictly for nutrients. Eminson and Moss
(1980) indicated that periphyton is well adapted to uptake
nutrients from the water column at low concentrations and
to have low growth rates adjusted to the rate of nutrient sup-
ply. Thus, it emerges as a good competitor in such environ-
mental conditions. The responses of the microalgal
communities in Kakel Huincul showed that periphyton was
better adapted than phytoplankton, which presented the
lowest Chl a concentration (<2 μgL–1) in this study. How-
ever, the strong nutrient limitation probably caused a re-
stricted development of the periphyton community along
the depth profile (i.e. low periphytic accrual) in comparison
with the other shallow lakes. 
On the other hand, the inorganic-turbid lake Yalca is
characterised by a strong light limitation. Indeed, the large
amount of suspended inorganic particles in the water
causes high light absorption and scattering. In this lake,
periphyton developed mainly in the upper samples (10
cm), where light was about 1% of incident PAR irradi-
ance, even when plentiful nutrient concentration was
available. Below 10 cm depth, periphyton development
was limited by light which dramatically diminished the
autotrophic fraction, being dominant the heterotrophic
components. This was evidenced from the high values of
the AI according to the reference values reported in APHA
(2005). In this scenario of extreme light limitation, di-
atoms were dominant both in periphyton and phytoplank-
ton communities. Even though phytoplankton was poorly
developed in Yalca with respect to the phytoplankton-tur-
bid lakes studied (i.e. San Jorge and El Burro), the relative
contribution of this community was higher than that of
periphyton. Phytoplankton probably has an advantage for
light because water mixing allows algae to reach well-lit
surface layers (Vadeboncoeur and Steinman, 2002).
Nutrient limitation was also evidenced in the other
clear-vegetated shallow lake (El Triunfo). An increase in
TP concentration elicited a near-surface significant increase
in periphyton density (between 6 and 3 fold) as compared
to that observed in Kakel Huincul. However, periphyton
accrual showed a rapid decrease below 20 cm, where light
availability was lower than that estimated at deeper layers
of Kakel Huincul. The particular pattern of periphyton dis-
tribution along depth in this lake suggests a simultaneous
limitation of nutrient and light. In El Triunfo, the euphotic
zone was about half narrower than that of Kakel Huincul
due to i) higher absorption and scattering by suspended par-
ticles (phytoplankton and detritus) and ii) higher absorption
by CDOM. However, in the upper layers, the combination
of enough light and nutrient availability allowed high peri-
phyton development. With increasing depth and light lim-
itation, nutrients seemed not to be sufficient to stimulate
periphyton growth. In natural conditions, a shading effect
of the macrophytes could occur in El Triunfo since exten-
sive areas of the water column were covered by a non-
rooted macrophyte (Ceratophyllum sp.) which occasionally
could cover the artificial substrata (personal observations).
In spite of a relatively less clear condition, El Triunfo
showed characteristics typical of a clear-vegetated shallow
lake, as already described by Scheffer et al. (1993). The in-
crease in the relative importance of phytoplankton in this
lake seems to reveal the oscillations of the system within
the clear stable state.
In the phytoplankton-turbid lakes San Jorge and El
Burro, both periphyton and phytoplankton communities
showed a higher development, favoured by high nutrient
concentrations and a well-mixed water column. These
lakes were very similar in their optical properties. An im-
portant fraction of light absorption and scattering is due
to chlorophyllous particles, which are the main contribu-
tors in San Jorge (Pérez et al., 2010). Both water bodies
exhibited high values of light attenuation and turbidity,
which elicited a strong light gradient. Interestingly, in this
scenario rich in nutrients but restricted in light, periphyton
developed even at deep layers, but it was dominated by
the heterotrophic fraction from 20 cm towards the bottom.
This was demonstrated by the higher AI values recorded.
In these turbid lakes, where the light availability was ~5%
of the incident irradiance at 40 cm, the presence of au-
totrophic organisms could indicate a community well ac-
climated to low light conditions. Nevertheless, under
these conditions the phytoplankton was the dominant mi-
crobial autotrophic community. Moreover, if we consider
the lack or sparse presence of macrophytes in these shal-
low lakes, only shallow littoral zones may allow the de-
velopment of epipelon communities. 
We observed an increase in the relative importance of
phytoplankton with respect to periphyton with decreasing
light availability, and increasing turbidity and nutrient
concentration. These patterns considered, we can infer
that phytoplankton develops more than periphyton with
increasing eutrophication, in agreement with previous re-
ports (Liboriussen and Jeppesen, 2006; Vadeboncoeur et
al., 2008).
The pigment composition – matched with the commu-
nity species composition – evidenced the strategies of the
different groups to adapt to different light availability.
When comparing pigment concentration, we found impor-
tant differences between both microalgal communities. Pe-
riphyton is a sessile community which exhibited a marked
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stratification in the dominant group and pigment concen-
trations depending on the optical characteristic of the lake
and the depth studied. Moreover, we found a trend to het-
erotrophism in accordance with the increase in turbidity.
On the other hand, different algal groups were observed to
dominate phytoplankton and periphyton at a given category
of shallow lake. This may be explained by the polymictic
regime of these water bodies, which allowed phytoplankton
to exploit a higher proportion of the water profile. 
CONCLUSIONS
Our results showed that the importance of the au-
totrophic periphyton decreases in shallow lakes with
higher nutrient conditions and low light availability. The
optical regime of the water bodies influenced the pigment
composition of both periphyton and phytoplankton com-
munities. Under limiting conditions we found an increase
of some accessory pigments in relation to Chl a, indicat-
ing light acclimation. In turbid lakes the structure of the
periphytic community changed in the water column from
autotrophic to heterotrophic towards the bottom. 
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